The transition metal catalyzed ethylene polymerization in aqueous emulsion has been increasingly successful in the last couple of years. Water however adversely affects the polymerization process by (a) competing with ethylene for the binding site at the metal and (b) hydrolyzing the growing chain. Neutral salicylaldiminato and cationic diimine complexes of Ni and Pd with different substituent patterns are studied here by density functional theory to determine their propensity toward water complexation and hydrolysis of the growing chain. Experimental NMR studies have also been carried out on the protonolysis of the Ni(II)-based Grubbs catalyst. It is found that in general that (a) ethylene coordination is preferred over water coordination for both Ni and Pd catalysts and (b) hydrolysis of the metal alkyl bond is competitive to ethylene insertion.
Introduction
Emulsion polymerization of olefinic monomers is an important and versatile process.
1 Polymer lattices are obtained, that is, aqueous dispersions of surfactant-stabilized polymer microparticles with a size range of 50-1000 nm. Important applications of lattices involve film formation upon evaporation of the dispersing medium (e.g., in coatings), and here the environmental friendliness and nonflammability of water is particularly advantageous. To date, polymer lattices are produced industrially by free radical processes exclusively. Transition metal catalyzed coordination polymerization has received comparatively little attention, as the early transition metal catalysts 2 used commercially for polyolefin production are extremely sensitive to moisture. Carrying out such reactions in water is a highly attractive goal, as many polymer microstructures are not available by other means than catalytic coordination polymerization. In view of a possible potential for catalytic coordination polymerization in aqueous emulsion, the reactivity toward water of metal complexes already known to polymerize olefins to higher molecular weight products in nonaqueous systems is of interest.
Considering catalytic transformations in aqueous media in general, complexes of late transition metals are good candidates due to their reduced oxophilicity. This is illustrated by the commercial application of aqueous two-phase catalysis in the Ruhrchemie-Rhone-Poulenc process for propylene hydroformylation. 3 It has long been assumed that coordination polymerizations in aqueous media are possible in principle. 4 However, the coordination polymerization of simple olefins in emulsion has only very recently begun to attract interest. We 5 and Claverie and Spitz et al. 6 ,7 have reported coordination polymerization of ethylene in aqueous emulsion or suspension by neutral nickel(II) salicyladiminato complexes (introduced as polymerization catalysts by Grubbs et al. and Johnson et al. 8 ), by cationic palladium(II) diimine complexes (introduced as olefin polymerization catalysts by Brookhart et al. 9 ), as well as the well-known P∧O-chelated neutral nickel(II) complexes, 10 Figure 1. The polymerization chemistry of the salicylaldiminato and diimine systems in organic solvents has been extensively studied by theoretical methods. 11 In this paper we are only going to investigate the catalysts' stability toward water.
In preliminary experimental investigations, low-temperature NMR studies revealed that the water ligand in the palladium diimine complex (R ) i Pr, L ) H 2 O, see Figure  1 ) is displaced completely upon addition of ethylene. 5a Since the binding of water in the first coordination sphere can be the initial step toward the hydrolysis of the growing chain, we have looked at the relative complexation energies of water vs ethylene for all three catalyst systems shown in Figure 1 as a function of the substituent groups. The results are presented in the first part of our discussion.
Hydrolysis of the M-R′′ bond (see Figure 1) to release a hydrocarbon H-R′′ and form a M-OH hydroxy link is another possible side reaction. This is a similar process to the reverse of the C-H activation process that has been observed for some palladium(II) complexes. 12 This type of hydrolysis process is considered in part two of our discussion for all three catalyst types shown in Figure 1 . To date experiments seem to indicate that catalysts of the Brookhart type are stable in aqueous solution at room temperature for days. 5b Experiment 5b has shown that the addition of ethylene to the Pd(II)-based Brookhart catalyst in aqueous solution leads to immediate decomposition to palladium black; the reason for this decomposition has not been clarified. Thus, only a suspension-type ethylene polymerization has been reported, ( 
Side Reactions due to Water in Emulsion Polymerization
in which the catalyst is protected from the access of water in the initial stages of the reaction by being employed as a water-insoluble solid of relatively large particle size, and latterly by being encapsulated in the hydrophobic amorphous polyethylene formed. Although no organic products were isolated in the catalyst decomposition process, it is possible that the decomposition occurs by a Wacker-type reaction. 13 A theoretical discussion of this deactivation will be presented in a forthcoming paper of possible side reactions that might lead to catalyst decomposition in aqueous solution.
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Computational Method
All calculations were carried out using the Amsterdam Density Functional (ADF 2.3.3) program 15 developed by Baerends et al. 16 and vectorized by Ravenek. 17 The numerical integration scheme applied for the calculations was developed by Velde and coworkers. 18 The geometry optimization procedure was based on the method of Versluis and Ziegler. 19 Geometry optimizations were carried out and energy differences determined using the local density approximation of Vosko, Wilk, and Nusair (LDA VWN) 20 augumented with the nonlocal gradient correction PW91 from Perdew and Wang. 21 Relativistic corrections were added using a scalarrelativistic Pauli Hamiltonian. 22 All atoms except Ni were described by a core double-, valence triple-, polarized basis set, and Ni was described by a core double-, valence triple-, doubly polarized basis. Non-hydrogen atoms were assigned a relativistic frozen-core potential, treating as core shells up to and including 3d for Pd; 2p for S, P, and Ni; 1s for C, N, and O. A set of auxiliary s, p, d, f, and g functions, centered on all nuclei, was used to fit the molecular density and to represent the Coulomb and exchange potentials accurately in each SCF cycle. The counterions have not been included in the model for simplicity. Solvation energies were calculated from gas-phase structures by using the Conductor-like Screening Model (COSMO) 23 that has been implemented 24a recently into the ADF program. 24b The solvation calculations were performed with a dielectric constant of 2.38 for toluene. The radii used for the atoms (in Å) are as follows: H 1.16, S 1.7, C 2.3, O 1.3, N 1.4, P 2.4, Ni 1.25, Pd 1.38. Some of these values were obtained previously by optimization using least-squares fitting to experimental solvation energies. 25 Transition states were fully optimized using the algorithm of Banerjee et al. 26 starting from the structures obtained by linear transit calculations. The Brookhart and the O-P chelate systems were calculated using the QM/MM method. 27 An augmented AMBER95 force field 28 was utilized to describe the molecular mechanics potential. The separation of the catalyst molecule into a QM and MM part is illustrated in Scheme 1. For the Grubbs catalyst the complete system was described by QM.
The bond lengths for C-N, C-C, and C-P that link the QM and MM parts have been calculated for the generic compounds with a full QM calculation. The capping atoms used were hydrogens. Each link bond has a constant parameter R associated with it, 29 which was 1.41 for the N-C bond in the Grubbs systems, 1.29 for the C-P bonds, and 1.36 for the C-C bond in the O-P chelate system. 
Results and Discussion
Ethylene vs Water Complexation. We shall now discuss how the complexation energy of water and ethylene is influenced by the substituents on the catalysts shown in Figure 1 . The complexation energies ∆E(M-L) of water and ethylene have been found as the negative of the energy required to remove L from the most stable form of the complexes in Figure 1 to produce L ) H 2 O, C 2 H 4 , and the coordinativly unsaturated complex without L in its most stable form. A prime after the name of the activated complex will indicate an aqua complex, a double prime an olefin complex.
Grubbs' Systems. The binding of ethylene in the Grubbs and Brookhart systems has been investigated previously as part of the polymerization process, where the emphasis was on the effect of the growing alkyl chain on the ethylene binding. 11b,c We have also studied the binding of ethylene and R-substituted olefins to Grubbs-and Brookhart-type complexes in their copolymerization reactions. 11d,e
The small size of the Grubbs system allowed us to carry out full quantum mechanical (QM) calculations based on DFT for all systems discussed, without resorting to partial use of molecular mechanics (MM). In this case the electronic effects in the phenyl group at the nitrogen are treated explicitly. For the structures involving only one functional group we examined the cis and trans isomers for both the water and ethylene complex, Figure 2 .
Our study revealed that the cis structures, in which either water or ethylene are in the position cis to the oxygen, are more stable. These findings are in accordance with experimentally determined solid-state structures of complexes R′′ ) Me and L ) acetonitrile 8c or pyridine. 5g For water the cis isomer is more stable by around 8 kcal mol -1 , while in the case of ethylene the difference is less than 2 kcal mol -1 . This is to be expected since the trans labilizing ability of H 2 O is much smaller than ethylene. The reported results are for the cis structures. The complexation energies are calculated relative to the uncoordinated activated complex of lowest energy with one empty ligand site and collected in Table 1 .
We shall start our discussion of the Grubbs system by considering the substitution of R′′ ) CH 3 (G8) by other groups while X, R′, and R of Figure 1a are represented by hydrogen and M ) Ni. The replacement of CH 3 by CF 3 in the R′′ position (G1) results in a substantial decrease in -∆E(M-L) for L) C 2 H 4 and a smaller increase for L ) H 2 O. The replacement of CH 3 by CF 3 is the only substitution where the -∆E(M-L) binding energy was calculated to be larger for H 2 O. The group CF 3 has a strong electronwithdrawing effect that will make the metal harder by accepting more of its d-electron density. This will decrease the repulsive interaction of the lone pair of oxygen in H 2 O with the metal and thus stabilize the M-H 2 O bond. On the other hand, the electron-withdrawing ability of CF 3 will disfavor the back-donation of electron density from the metal to the π* orbital on ethylene and destabilize the M-C 2 H 4 bond.
Phenyl complexes (R′′ ) Ph) have been employed as catalyst precursors, also for emulsion polymerization. Having a phenyl group in the R′′ position (G2) reduces the -∆E(M-L) bond energy for L ) H 2 O and especially L ) C 2 H 4 . This is understandable since R′′ ) C 5 H 6 is less 
electron-donating and sterically more demanding. The formation of the cis isomers of the water and ethylene complexes would also require that the R′′ phenyl is closer to the N-phenyl ring. Our calculations however do not show any steric effects, for example, the cis-G2′ aqua complex is more stable by 7.7 kcal mol -1 over the trans complex. Isopropyl complexes are of interest as models for the growing chain in ethylene polymerization in which branching occurs via "chain running". When R′′ )
i Pr (G4), both binding energies are very small due to the agostic interactions between -hydrogens on the i Pr group and the metal center in the activated coordinatively unsaturated complex, Figure  3 . The -agostic interaction leads to the stretching of the C-H bond (R ) 1.21 Å) on the carbon atom and the formation of a Ni-H link (R ) 1.60 Å). This activated complex is not very susceptible toward ligand binding with complexation energies of only -9.1 kcal mol -1 for ethylene and -5.9 kcal mol -1 for water, Table 1 . Another contribution that can explain the low binding energies is the steric repulsion between the i Pr group and the phenyl ring on the N atom. For the trans isomer of the ethylene complex G4′′ or in the case when the phenyl ring is substituted by H, the bonding energies are around 10 kcal mol -1 higher.
11b,h
We shall now turn to the substitution of R ) H on the aryl ring attached to the nitrogen with other groups such as R ) CH 3 and i Pr. The complexation energies we get for the ethylene complex are several kcal mol -1 lower for R ) CH 3 than when R ) H. This reduction is very pronounced with the methyl groups, where two of the methyl hydrogens form agostic bonds with the metal center in the coordinatively unsaturated precursor complex, Figure 3 . When R ) Me this led to the rotation of the associated phenyl ring into the plane of the complex, decreasing the dihedral angle from around 40°(G8) to 9°(precursor complex G10), see Figure 3 . In the case of i Pr groups the phenyl ring is raised above the plane of the complex and the dihedral angle with the plane remains at 40°(G12). Thus, the complex accomplishes the formation of Ni-H bonds without the increase in energy associated with the torsion around the dihedral angle. The length of the Ni-H bonds is between 1.69 (G10) and 1.80 Å (G12).
The two Ni-H bonds (when R ) Me) stabilize the coordinatively unsaturated precursor complex G10 and reduce the binding energies for water and ethylene. When R ) i Pr, the -agostic bond is somewhat weaker and the ∆E(M-L) bonding energies are not reduced to the same degree as for R ) CH 3 . In fact, ethylene binds slightly stronger to the R )
i Pr systems (G11, G12) than the generic systems with R ) H, while water always forms weaker bonds. This could be due to the positive induction effect of the i Pr groups that increases the ability of the metal center to back-donate electron density to the olefin, which also makes the electron donation from water less favorable. Out of all compounds considered based on nickel, complex G12 is the most promising in terms of olefin preference with ∆E π ) 8.24 kcal mol -1 . We discuss finally the substitution of the X ) H and R′ ) H groups of the aryl on oxygen with X ) NO 2 (G3 and G7) or R′ )
t Bu (G6 and G9). The acceptor NO 2 group increases the complexation energies for both water and ethylene, while the difference between them depends on the R′′ ligand. The t Bu group has a very small positive effects it disfavors the complexation with water and increases the difference in the complexation energies.
In the last example of the monosubstituted Grubbs systems we considered replacing Ni for Pd. In this case the complexation energy for water is almost unchanged, whereas ethylene binds more strongly by about 5.7 kcal mol -1 . This is due to the easier back-donation to ethylene by Pd(II). This result is in qualitative agreement with the theoretical study 30 of ethylene binding to M(NH 3 ) x Cl 3-x systems (M ) Ni 2+ , Pd 2+ , Pt 2+ ) where the binding energy for the neutral M(NH 3 )-Cl 2 was 8.9 kcal mol -1 more favorable for Pd. The Pd-based Grubbs system exhibits the highest olefin preference with ∆E π of about 11.6 kcal mol -1 , which is even slightly higher than the values observed for the Brookhart system (see below).
The Brookhart System. The olefin complexation in the Brookhart system has been studied extensively in a recent paper. 31 Here we concentrated on the complexation energies of the cationic compounds in which all R groups are the same (i.e., either Me or i Pr) and R′′ ) Me for both Ni an Pd. The positive charge on the complex affects most strongly the ability of the metal center to accept electron density from either water or ethylene, while the back-donation ability of the metal is somewhat reduced by the charge. In addition, positive charge on the metal will interact favorably with the water dipole. The complexation energies for the Brookhart systems are collected in Table 2 .
The size of the Brookhart system barred us from conducting a complete investigation based on full QM calculations. Instead, use was made of a combined quantum mechanical and molecular mechanical method (QM/MM); see Computational Method section. This method does not allow us to model the formation of a metal-H agostic bond when the hydrogen atom is part of the N-phenyl group, since N-phenyl is described by MM. Thus, to explore the feasibility for this kind of bonding, we performed a full QM calculation on the precursor complexes (B1, B2, and B3) (Figure 4 ). We were not able to locate any minima with a M-H agostic bond. We contribute this to steric factorssthat is, the presence of the Me groups on the far side of the N-C-C-N ring will hinder the rotation of the phenyl ring and keep the 2,6-Me groups out of the plane of the complex and away from the metal. It is perhaps surprising that the 2,6-i Pr groups in B2 as well are unable to interact with the metal given that in the Grubbs system G12 agostic bonds are formed between R ) i Pr and the metal.
It is worthwhile to mention two recent experimental studies 12b,c where the activation of a C-H bond on a side chain in the Brookhart system leads to the elimination of the methyl ligand as methane accompanied by the formation of a cyclic structure. This is a type of metalation process. However, we shall not discuss it any further since it is not specific for polymerization in an aqueous system.
As there is no agostic bond formation here, any difference in the binding energies for Me and i Pr substituents can be explained as the combination of sterics and (inductive) electronic effects. In the case of R ) i Pr (B2), water is particularly destabilized due to the strong electron donation from the i Pr groups and the steric repulsion. Despite the more favorable back-donation to ethylene the steric effect also leads to a slightly lower complexation energy for this ligand. In the case of the methyl complex B1 there is less steric repulsion and less electron donation to the metal. This serves to bring the complexation energies of water and ethylene closer, thus reducing the binding selectivity.
Changing the metal from M ) Pd in B1 to M ) Ni in B3 increases the water binding energy by more than 2 kcal mol -1 as nickel is more oxophilic since the occupied d-orbital overlaps less with the occupied oxygen lone pair. At the same time the ethylene complexation energy is reduced slightly.
The results here are comparable to the ones for the Grubbs system without agostic bonds.
O-P Chelate System. Finally, we briefly examined the anionic O-P chelate system for both Ni and Pd, Table 3 . Here too the system was separated into QM and MM regions, see computational details. Shown below in Figure 5 is the activated anionic complex with Pd.
The high complexation energies of more than 30 kcal mol -1 for water and 40 kcal mol -1 for ethylene were also observed in the gas phase, as the solvent effects accounted for only about 3 kcal mol -1 in the binding energies, Table  3 . The negative charge is concentrated on the terminal O atoms, which allows the metal center to act as a good electron acceptor. Thus, we observe an increase in the complexation energies for both water and ethylene. Despite these high energies the selectivity toward ethylene binding is similar to the other two systems.
Catalyst Hydrolysis. Hydrolysis resulting in irreversible loss of the metal-bound methyl or phenyl group (R′′ ) Me or Ph) can affect the catalyst precursor during the handling prior to the polymerization reaction, e.g., during preparation of catalyst precursor miniemulsions. 5d,6b Equally, in the active species during polymerization, hydrolysis of the growing chain (R′′ ) alkyl) can result in irreversible deactivation. Here we have examined two mechanisms for the hydrolysis and looked at the factors that influence the barrier for that process.
Grubbs Catalyst Hydrolysis. In the first hydrolysis mechanism which we studied for the Grubbs system, Figure  6a , water directly attacks the ethylene complex 1 by first forming a weak associate 2 where H 2 O occupies the axial position. The energy diagram for the mechanism is shown in Figure 7 . Solvent effects disfavor complexation of H 2 O perpendicular to the coordination plane of the complex and the complexation energy for the axial water molecule is zero, Figure 7 . In the transition state structure TS[2-3], Figure  8a , the C-H bond length is 1.25 Å and the ethylene moiety sits below the plane of the complex. The barrier for this process is 26.3 kcal mol -1 in solution. In a modification of this mechanism we considered a bridge of two water molecules for the hydrolysis in which the first water supplies the OH group to the metal and the second water the H to the alkyl group. We obtained a barrier of 24.1 kcal mol -1 for this process. Thus, the use of a water bridge is not likely to lower the barrier for this mechanism when one takes into account possible entropic costs in forming the bridge (see below).
In the second mechanism that we investigated, water first replaces ethylene in the plane of the complex and the hydrogen transfer takes place in the same plane, Figure 6b . This pathway seems plausible in view of the small energy required for water to replace ethylene (see Table 1 ). The energy diagram for the generic Grubbs catalyst is shown in Figure 9a .
The barrier that corresponds to the transition state structure TS[4-5], Figure 8b , is 16.8 kcal mol -1 in solution. Here the bond length of the C-H linkage is 1.30 Å which is very similar to the one observed in TS[2-3] . The product of the reaction is the tri-coordinated hydroxy complex 6, which could dimerize to a µ-hydroxo bridged dimer.
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The mechanism outlined in Figure 6b is similar to the reverse of methane C-H activation by σ-bond metathesis. The hydrogen atom being transferred to the methyl group does not stay in the plane of the complex during the entire transition. For C-H bond distances below 1.30 Å the C-H bond is normal to the plane of the complex with Ni forming a σ-adduct with the C-H bond, Figure 10 .
Preliminary experimental investigations 33 toward the hydrolysis process were performed with salicylaldiminato complexes G exp 14a,b-(L) [a: R ) 3,5-(CF 3 )C 6 H 3 , b: 3,5-xylyl; R′ ) X ) I: R′′ ) Me; L ) Me 2 NCH 2 CH 2 NMe 2 (tmeda)] 5g ( Figure 11 ) which in benzene-d 6 solution exist as isomeric mixtures. As these complexes are water-insoluble and only sparingly soluble in methanol, protonolysis of G exp 14a,b-(tmeda) was studied by 1 H NMR experiments in ca. 5 mM solutions of benzene-d 6 /CD 3 OD mixtures (ca 2.6 M in benzene-d 6 /8.4 M in CD 3 OD) at initially 298 K. Under these conditions one isomer in each case accounts for more than 90% of the sample on the basis of the integration of the Ni-Me and the resonances of the backbone ligand while the signals of tmeda fit that of free tmeda. We therefore assume that CD 3 OD displaces tmeda on the Ni center in an equilibrium reaction. Over time gradual evolution of CH 3 D is observed in these samples as evidenced by a 1:1:1 triplet with 2 J H-D ) ca. 1.9-2.0 Hz at 0.18 ppm while the resonances corresponding to the Ni-Me complexes disappear and one new set of resonances for the salicylaldiminato ligand bond to Ni grows in. We have assigned the newly formed Ni complexes as (N∩O) 2 Ni but cannot rule out a methoxy brigded dimer (N∩O)Ni(µ-OCD 3 ) 2 Ni(N∩O) (Scheme 2). 34 (34) X-ray diffraction analysis of crystals obtained from the NMR tube experiments of Gexp1a-(tmeda) support the formation of (N∩O) 2Ni; however, the quality of the crystals was poor. The aforementioned theoretical studies indicate that protonolysis is likely to occur, but will not be an extremely fast reaction. Also, comparison of the calculated insertion barrier from previous theoretical studies on salicylaldiminato complexes with the calculated barrier to hydrolysis indicated that protonolysis is likely to occur in polymerization experiments, but will not outrun polymerization entirely as chain growth is sufficiently rapid. In this sense, the preliminary experimental data is in good agreement with the theoretical results.
Since the barrier for the in-the-plane water attack was smaller than the barrier for the external water attack, at least for the generic Grubbs system, we decided to investigate only the former mechanism for the other structures. The substitution of the methyl ligand for phenyl (Figure 9c ) leads to an increase in the barrier of hydrolysis by about 2 kcal mol -1 , which is due to the stronger M-phenyl bond and the steric repulsion accompanying the formation of benzene. Here we also looked at the hydrolysis of the G12 complex (Figure 9d ) which exhibited the highest selectivity toward ethylene binding from all Ni-based Grubbs complexes. The barrier increased marginally, which is probably due to a further increase in the M-phenyl bond strength as the 2,6-i Pr groups increase the back-donation ability of the metal. The steric requirements for the reaction make it impossible for a product complex of benzene (5 in Figure 6b ) to be observed.
The highest barrier of 21.7 kcal mol -1 was obtained for the Pd-based system (G13), Figure 9b . A similar hydrolysis process has been observed before for the formic acid hydrolysis of a Pd(II)-CH 3 complex where the barrier was 28.5 kcal mol -1 . 35 The results suggest that the Pd-based Grubbs catalyst that was shown to have the highest preference for ethylene complexation will also have a high hydrolysis barrier, making it the most stable species toward water of all Grubbs systems studied here. It must be noted, however, that experimental studies with other neutral palladium complexes to date have found them to be rather sluggish polymerization catalysts.
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Brookhart Catalyst Hydrolysis. For the Brookhart system we again considered only the water attack in the plane of the complex. The energy diagrams for the Brookhart systems are shown in Figure 12 .
Here the effect of the substituent R group is smallsthe introduction of the electron donating i Pr groups in place of R ) Me results in more stable hydroxo complexes 5 but the barrier in TS[4-5] is virtually unaffected. The change in the metal has a stronger influence. The highest barrier is exhibited by the Pd-based systems (Figure 12a ,c) since they are less oxophilic compared to the Ni-based systems. The complex shown in Figure 12a (B1) has the highest barrier of hydrolysis out of all studied compounds. For this reason a slight modification to the hydrolysis mechanism, involving the inclusion of an additional two solvent water molecules in the active site, shown in Figure 13 , was studied for this particular complex. It was reported by Siegbahn 13 that water chains significantly lower the calculated barriers for the Wacker process, and we wished to ascertain whether using a water chain model would have a similar effect on barrier for the Brookhart system. In this mechanism two water molecules bind to 4 to give a three water molecule chain bound to the complex, with the tail hydrogen atom of the chain being weakly bound to the Pd dz 2 orbital, to give complex 7. This step is exothermic by 11.1 kcal mol -1 . The first water molecule then provides the hydroxyl group to the metal, and the third water molecule provides the proton to the methyl group, with the central water molecule providing the bridge for the "Proton Shuttle" [37] [38] [39] [40] [41] [42] [43] transfer of the proton. The methyl group is thus hydrolyzed to give the agostic methane-bound structure 8, which then evolves methane to give structure 9 with the tail end of the water chain bound to the palladium coordination site vacated by the methane ligand. Two water molecules are then lost back to solvent as an ethene molecule binds to the palladium to give structure 3.
The energy diagram for this process is shown in Figure  14 .
The transition state for the hydrolysis, shown in Figure  15 , is distinctly product-like, as would be expected from an endothermic process, with the two additional water molecules sited at long hydrogen bonding distances from the hydroxyl and (nearly fully formed) agostically bound methane ligand.
This solvent-assisted mechanism lowers the energy of the hydrolysis transition state to 21.7 kcal mol -1 , 6.6 kcal mol -1 lower than the barrier found without the solvent assistance, whereas the endothermicity of the reaction remains the same at 19.4 kcal mol -1
. Loss of the methane molecule to give the hydroxyl/water chain ligated complex 9 is exothermic by 17.2 kcal mol -1 , giving a structure only 2.0 kcal mol -1 higher in energy than 7. Displacement of the two water molecules by an ethene molecule to give 3 is endothermic by a further 4.0 kcal mol -1 , making the total process endothermic by 6.0 kcal mol -1 . Although it has been shown (Table 2, compound B1) that the preference for ethene binding over water binding is 6.3 kcal mol -1 , this energetic preference is not large enough to compensate for the loss of the hydrogen bond in the chain, coupled with the greater nucleophilicity of the water molecule when one of its hydrogen atoms is involved in hydrogen bonding, leading to a stronger palladium-oxygen interaction.
However, the entropic cost of binding the additional two water molecules must be taken into account when considering whether this solvent-assisted mechanism provides a better model than the unassisted pathway. Literature figures give the entropic penalties for ligand binding to a square planar complex between 9 and 17.2 kcal mol -1 , dependent on the system. [44] [45] [46] [47] [48] This entropic penalty eclipses the energetic advantage of the solvent-assisted mechanism, making it an unlikely pathway.
O-P Catalyst Hydrolysis. The energy diagram for the O-P chelate system is shown in Figure 16 .
Here the Ni compounds (Figure 16b,d ) exhibit the same trend as the neutral Grubbs system, while the profiles for the Pd compounds (Figure 16a,c) are like the ones observed in the Brookhart complexes. This difference can be explained by examining the charges on the metal centers in the two cases. The positive charge on Ni in the O-P chelate system is very small (0.303), while for Pd it is 0.613. Thus, the Pd system will have the features of the cationic Brookhart system, while the Ni system will have features which are closer to the neutral Grubbs system.
Conclusions
All three catalyst systems investigated here (Figure 1 ) show similar trends with regard to the preference of binding ethene over water, with the greatest preference for ethene found for palladium rather than nickel. This is understandable since the more diffuse d-orbitals have better bonding π-overlaps with the olefin. At the same time, the more diffuse occupied orbitals of palladium interact more repulsively with the occupied oxygen lone pairs, leading to a weaker binding of water. The nature of the substituent groups was also important in that more electron-donating substituents lead to a greater preference for ethene over water, though these effects did not appear to be directly cumulative in that multiple substitutions did not give rise to significantly higher preference than single ligand substitutions. The catalyst with the greatest preference for ethene over water was the Grubbs catalyst G13, with Pd and unsubstituted ligands.
Hydrolysis of the three catalyst systems (Figure 1 ) proceeded in a similar mannerssubstitution of the ethene ligand with water proved to be a more favorable approach than axial attack of water on the palladium center. The structures that showed greater preference for ethene binding over water also had higher barriers to hydrolysis, with the Brookhart catalysts showing the greatest resistance to hydrolysis. While solvent assistance in the hydrolysis lowered the energetic barrier, it was not sufficient to offset the entropic penalty of binding additional water molecules. It is found that in general that (a) ethylene coordination is preferred over water coordination for both Ni and Pd catalysts and (b) hydrolysis of the metal alkyl bond is competitive to ethylene insertion.
